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Scanning tunneling microscopy (STM) and first-principles pseudopotential calculations are used to
show that the equilibrium binding site for hydrogen on Ge(111)-c(2x8) is the rest-atom site. Our cal-
culations show the hydrogen-rest-atom configuration is 0.7 eV lower in energy than the hydrogen-
adatom configuration. Reaction at the rest-atom site causes very local rest-atom to adatom reverse
charge transfer, and this site-specific chemistry is imaged directly using STM measurements in combina-

tion with these calculations.
PACS numbers: 61.16.Di, 68.35.Bs, 73.20.At, 82.65.My

The interaction of hydrogen with semiconductors is of
great interest for both technological and fundamental
reasons. Hydrogen can passivate the electrical activity of
dangling bonds both in the bulk and on the surface of
materials, and this has many important consequences [1].
For instance, hydrogen can deactivate shallow impurity
states as well as passivate deep defect and impurity
states. Hydrogen can also unreconstruct surfaces, and
hydrides play an important role as intermediates in chem-
ical vapor deposition processes, such as those using silanes
and germanes to produce epitaxially grown Si and Ge
layers, and Si/Ge alloys and heterostructures. In fact,
while much of the past work has focused on Si, interest in
Ge has been increasing due largely to the unique elec-
tronic properties of these Si/Ge overlayer structures [2].

The reaction of hydrogen with Si(111) and Ge(111)
surfaces has been the subject of extensive experimental
and theoretical studies. Recent scanning-tunneling-
microscopy (STM) work has shown there exists at least
two reaction stages for hydrogen on Si(111)-7x7 [3,4].
Although previous work [5] has shown site specificity for
the dissociative reaction of NH; on Si(111)-7% 7, no such
site specificity has been observed for hydrogen. In this
Letter, we show, both experimentally and theoretically,
that it is energetically favorable for a hydrogen atom to
react at a particular dangling-bond site (the rest-atom
site), inducing very localized rest-atom to adatom charge
transfer.

The STM system used for these studies is a home-built
four-quadrant tube design, mounted on a piezoelectric
walker for coarse approach. The STM is housed in an
ultrahigh-vacuum chamber with a measured base pres-
sure of 4x10 ' torr. The Ge(111) sample was cleaned
in situ by ion sputtering (2 keV Xe*) while holding the
sample at 500°C and then post-annealing to 800°C.
This procedure results in a clean, multidomain Ge(111)-
c(2x8) surface as determined from Auger electron spec-
troscopy (AES), low-energy electron diffraction (LEED),
and STM images. The surface was then exposed to a 1-
keV H* beam (1x10 "¢ A/cm?) at 500°C after which it
was quenched to room temperature. After exposure to
the hydrogen beam, the surface retained its bright, low-
background ¢(2x8) LEED pattern, and no contamina-
tion was observed in the AES spectrum. The STM im-
ages reveal the same c(2x8) structure as previously, with
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what we interpret as a very low (<0.01 monolayer) but
fairly uniform coverage of hydrogen-reacted rest-atom
sites. A larger reacted fraction of the surface can be ob-
tained by exposure at lower temperatures; however, this
also results in much more adatom disorder, making inter-
pretation of the results quite difficult.

In this experiment, we expose the surface to a H * jon
beam rather than an atomic hydrogen source. It has been
shown [6] that during H* bombardment, implanted hy-
drogen reacts at bulk defect sites and is trapped. At
elevated temperatures, the trapped hydrogen will then
diffuse back to the surface as atomic hydrogen where it
can be desorbed. Effectively, we then have an atomic hy-
drogen source within our sample. When the sample is
subsequently quenched, we can then obtain a snapshot of
the sites that have reacted at high temperature just prior
to quenching. Previous work [7] has shown that only the
monohydride is formed at the temperatures used in this
study (7> 400 K).

We also perform first-principles self-consistent pseudo-
potential calculations [8] to compare with the STM re-
sults. In this calculation, the wave functions were ex-
panded in plane waves with kinetic energy up to 10 Ry
(3600 plane waves for the 29-atom unit cell), and the
charge density was sampled at three k points in a 2X2 ir-
reducible Brillouin zone. The slab used for this calcula-
tion has eight atomic layers, with the top layer consisting
of a hexagonal 2% 2 unit cell containing one adatom and
one rest atom (see the discussion below), and the bottom
layer consisting of a hydrogen-terminated 1X1 surface.
The bottom two layers are held fixed, while the top six
are allowed to relax.

Figure 1 shows a model of the ¢(2x8) structure. The
adatoms which make up the c(2x8) structure are very
similar to the adatoms in the Si(111)-7x7 structure.
However, in contrast to the 7x7 structure, which has
twice as many adatoms as rest atoms (first-layer atoms
not bonded to adatoms), the ¢(2x8) structure has a 1:1
ratio of adatoms and rest atoms. Northrup has previous-
ly pointed out that there should be charge transfer from
the adatom to the rest-atom dangling bonds [9]. On
c(2x8), because of the equal number of adatom and
rest-atom sites there should be fairly complete charge
transfer, leaving the adatom dangling-bond state nearly
completely empty, and the rest-atom dangling bond near-
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FIG. 1. Model of Ge(111)-c(2x8). The reconstruction is
built from adatoms residing on the T4 sites of the bulk-
terminated 1x1 surface. Both the adatoms and the rest atoms
(first-layer atoms not bonded to adatoms) have unterminated
dangling bonds. Note that there are two symmetries for the
rest atoms (see shaded regions): one symmetrically surrounded
by three adatoms, and one asymmetrically surrounded by four
adatoms.
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ly completely filled.

The general features seen in STM images of Ge(111)-
c(2x8) have been described previously [10]. More re-
cent observations describe some of the more detailed
features [11]. Figure 2 shows a dual-polarity STM im-
age of Ge(111)-c(2x8) after hydrogen reaction. An
occupied-state and an unoccupied-state image are ob-
tained simultaneously, as in Ref. [10], by tunneling at
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one bias polarity during the forward part of each scan in
the raster and reversing the polarity on the return part of
each scan. The two images can then be superimposed to
show the relative conformation of filled and empty elec-
tronic states. The unoccupied-state image in Fig. 2 has a
straightforward interpretation. Our calculations show the
primary unoccupied surface states are all strongly local-
ized on the adatom site (the state shown has the largest
calculated unoccupied-surface-state density, Fig. 3), indi-
cating, as expected, that the unoccupied-state tunneling
images correspond to the adatom site [12]. In the undis-
turbed part (lower right quadrant) of the occupied-state
image, there are apparent protrusions at both rest-atom
and adatom positions (though this is somewhat tip and
bias voltage dependent [11]1). Our calculations show the
primary occupied surface state (this state has about 5
times the surface charge density of any other calculated
band) is predominantly localized on the rest-atom site
(Fig. 3); however, for the occupied-state case we find
there exist other bands between this state and the Fermi
energy which have significant surface charge density
around the adatom site, and the adatom is physically
higher than the rest atom. Therefore, one expects pro-
trusions in the tunneling image at both the adatom and
rest-atom sites, in good agreement with our occupied-
state images. When the occupied- and unoccupied-state
STM images are superimposed (Fig. 2), it is easy to iden-
tify both the adatom sites (in whitish blue) and the rest-
atom sites (in orange). This is in contrast to STM im-
ages of Si(111)-7%7 which are dominated by the adatom
dangling bonds at both bias polarities.

Figure 2 also contains a reacted area of the surface.
Certain adatom sites show up as brighter spots in the
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FIG. 2. Dual-polarity STM images of hydrogen-reacted Ge(111)-c(2%x8) (Vpius= 1.5V, I=1 nA). Unoccupied-state image:
Protrusions correspond to adatoms. Note the adatoms around the reacted sites are nearly indistinguishable from the other adatoms.
Superposition of occupied- and unoccupied-state images: In the unreacted region the bluish protrusions correspond to adatoms and
the orange to rest atoms. Hydrogen reacting at the two different rest-atom geometries transfers charge back to the surrounding ada-
toms forming the bright triangle (7) and the asymmetric rectangle (R). Inset: Close-up of a bright triangle. Note the hydrogen-
reacted rest-atom site has become dark due to the saturation of that dangling bond. Occupied-state image: In the unreacted region,
both adatom and rest-atom sites are visible forming the observed hexagonal pattern. The origin of the bright triangle and rectangle is

a large increase in occupied-state density at particular adatom sites.
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FIG. 3. First-principles calculations of Ge(111)-2x2.
Unoccupied-surface-state contours: Note the unoccupied-state
density is strongly localized on the adatom site. Occupied-
surface-state contours: The charge density is localized on the
rest-atom site. Other occupied states exist which contribute
surface charge density to the adatom as well; however, it is the
state shown here which is primarily involved in subsequent
charge transfer.

occupied-state and superimposed images. The two
features on which we will focus are the symmetric trian-
gle (T) and the asymmetric rectangle (R) of bright ada-
toms. These two features decorate the surface with a
roughly uniform coverage of 50.01 monolayer after H™
exposure. We will show that these features are caused by
a reverse charge-transfer process, and it is these two
features we associate with hydrogen reaction. Also
shown in Fig. 2 are examples of features that also appear
bright in the dual-polarity images, but are not associated
with hydrogen reaction at the surface. The feature la-
beled /3 has been described previously [10] and is associ-
ated with a local v/3x+/3 configuration of adatoms. It
appears bright because there is no central rest atom in
this configuration to which the adatoms can transfer
charge. The bright feature labeled M appears to be asso-
ciated with a missing adatom, and is an example of a
feature that appears bright at both tunneling polarities.
This indicates the feature is probably actually physically
higher than the equilibrium adatoms. Such features are
relatively rare, and do not appear more frequently on the
reacted or unreacted surface.

As we indicated, the origin of the bright triangles (7°)
and rectangles (R) of adatoms can be explained by a sim-
ple reverse charge-transfer process. Hydrogen reacting at
a rest-atom site forms a strong covalent bond. The excess
charge density that was residing on the unreacted rest-
atom site must then be transferred back to the nearest
unoccupied states, i.e., the surrounding adatom sites.
This is similar to the process inferred from spectroscopic
techniques for the reaction of NH3 and SiH4 on Si(111)-
7x7 [5,13]. In the c(2%x8) reconstruction there are two
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FIG. 4. First-principles calculation of hydrogen-reacted
Ge(111)-2x2. Unoccupied-surface-state contours: Note that
the unoccupied-state density is nearly unchanged after hydro-
gen reaction at the rest-atom site. Occupied-surface-state con-
tours: Hydrogen forms a very strong, almost ionic, bond with
the rest-atom site, passivating the rest-atom dangling bond.
The adatom site shows a large increase in charge density due to
reverse charge transfer from the hydrogen-reacted rest-atom
site.

symmetries for rest-atom sites (see Fig. 1). The rest-
atom sites in the hexagonal 2X2 units are surrounded
symmetrically by three adatoms. Hydrogen reaction at
these sites will transfer charge symmetrically back to
those three surrounding adatoms which leads to the
bright symmetric triangle features (7). The rest-atom
sites in the rectangular units with ¢(4x2)-like symmetry
are surrounded by four adatoms but reside closer to two
of the adatoms. Hydrogen reaction at these sites
transfers more charge to the two nearer sites than the two
more distant adatom sites, which leads to the bright
asymmetric rectangular feature (R). Our first-principles
calculations also clearly show this charge transfer (Fig.
4). In particular, the calculations show a large increase
(when compared with Fig. 3) in occupied-surface-state
density at the adatom site after hydrogen reaction at the
rest-atom site, but virtually no change in the unoccu-
pied-surface-state density at the adatom site. This is in
excellent agreement with the occupied- and unoccupied-
state tunneling images. Note, in particular, that while
the occupied-state (and superimposed) image shows the
characteristic triangular or rectangular features, those
sites in the unoccupied-state image are virtually indistin-
guishable from other adatom sites. It should be noted
that this calculation corresponds to every rest atom on the
surface reacting with a hydrogen atom instead of the re-
action of one isolated rest atom. However, both our cal-
culations and experimental observations indicate that the
observed electronic effects are very localized. Therefore,
while qualitatively the results would not change, these
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calculations do show about 3 times the transferred charge
residing on the adatom than would occur for the
isolated-rest-atom case.

Careful examination of these sites also reveals that the
hydrogen-reacted rest-atom site has become dark in the
dual-polarity images (see inset in Fig. 2). The hydro-
gen-germanium bond is very strong and effectively pas-
sivates the rest-atom dangling-bond state. There are then
no surface states near the Fermi energy at these reacted
sites, which results in the dark rest-atom site observed in
the STM images. This is similar to the effect seen when
hydrogen reacts at adatom dangling bonds on Si(111)-
7x7. The absence of states near the Fermi energy at the
hydrogen-reacted rest atom is also clearly shown in our
calculated charge contours (Fig. 4).

After examining many tunneling images such as these,
we find no evidence for significant hydrogen-adatom reac-
tion, i.e., we find no lone adatom sites becoming darker as
a result of the dangling bond being saturated as was seen
for room-temperature hydrogen reaction on Si(111)-7x7.
Our first-principles calculations also show that the rest-
atom site is preferred over the adatom site by 0.7 eV for
hydrogen reaction. This is in contrast with experiments
which show hydrogen does not appear to react preferen-
tially at adatom or rest-atom dangling bonds [3,4]. We
believe this discrepancy can be explained by the
difference in exposure techniques in this work compared
with previous work. When a room-temperature surface is
exposed to hydrogen atoms, the hydrogen immediately
reacts with either the rest-atom or the adatom dangling
bonds. The 0.7-eV difference in energy between the two
sites is too small compared to the kinetic barrier to result
in any site specificity at room temperature. With the
technique used in this work, we are able to react a small
portion of the surface at an elevated temperature, which
allows the hydrogen to find its lowest-energy binding site.

We can also gain physical insight, from study of the
calculated total valence charge-density contours and re-
laxed atomic positions (not shown), into why the
hydrogen-reacted rest-atom site is lower in energy than
the reacted adatom. When hydrogen reacts at the rest-
atom site, saturation of the dangling bond reduces the
Coulomb repulsion that, for the unreacted site [12], exists
between the dangling-bond electron cloud and the rest-
atom backbonds. This allows the rest atom to relax to a
position very close to its bulk lattice spacing. The neigh-
boring adatom site is affected very little. In particular,
the delocalized T4 bond complex, on which the stability
of the T4 adatom site depends, is left undisturbed. On
the other hand, when hydrogen reacts at the adatom site,
the neighboring rest-atom sites, which now have partially
filled dangling bonds, cannot relax as far towards the sur-
face due to the increased Coulomb repulsion. The ada-
tom relaxation also changes dramatically. Hydrogen re-
action at the adatom dangling bond pulls charge from the
T4 bond complex. This causes the adatom backbonds to
become more localized, which in turn increases the

bond-bending repulsion between the adatom backbonds
and the underlying first-layer backbonds. This forces the
adatom further from the surface, increasing the strain in
the backbonds, and decreasing the amount of fourfold
coordination found for the unreacted adatom. This high
degree of backbond strain introduced by reaction at the
adatom may also play a role in hydrogen etching of the
adatoms that occurs with additional exposure to atomic
hydrogen. We find then that hydrogen reaction at the
adatom site leads to higher-energy configurations for both
the adatom and the rest atom than does hydrogen reac-
tion at the rest-atom site.

In summary, we have shown, using dual-polarity STM
images and first-principles calculations, that hydrogen re-
action at the rest-atom site on Ge(111)-c(2x8) is ener-
getically preferred over the adatom site. The difference
in energy between the two sites, as determined by our cal-
culations, is 0.7 eV. This reaction induces very localized
charge transfer from the rest atom to the surrounding
adatom sites, which can be imaged directly with the
STM, in excellent agreement with our first-principles cal-
culations.
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FIG. 2. Dual-polarity STM images of hydrogen-reacted Ge(111)-¢(2x8) (Fpius= 1.5 V, I =1 nA). Unoccupied-state image:
Protrusions correspond to adatoms. Note the adatoms around the reacted sites are nearly indistinguishable from the other adatoms.
Superposition of occupied- and unoccupied-state images: In the unreacted region the bluish protrusions correspond to adatoms and
the orange to rest atoms. Hydrogen reacting at the two different rest-atom geometries transfers charge back to the surrounding ada-
toms forming the bright triangle (7) and the asymmetric rectangle (R). Inset: Close-up of a bright triangle. Note the hydrogen-
reacted rest-atom site has become dark due to the saturation of that dangling bond. Occupied-state image: In the unreacted region,

both adatom and rest-atom sites are visible forming the observed hexagonal pattern. The origin of the bright triangle and rectangle is
a large increase in occupied-state density at particular adatom sites.



